Astronomy & Astrophysics manuscript no. aal0475vl 


© ESO 2008 


September 5, 2008 





New deep XMM-Newton observations 
to the west of the o- Orionis cluster 

J. Lopez-Santiago and J. A. Caballero 



00 

o 
o 

(N 
D 

in 



O 



> 

O 

a^ 

O 

G\ 
O 
oo 
O 



Departamento de Astrofisica y Ciencias de la Atmosfera, Facultad de Ciencias Fisicas, Universidad Complutense de Madrid, E-28040 
Madrid, Spain 



Received 27 June 2008 / Accepted 02 September 2008 



ABSTRACT 



Aims. The objective of this study is to determine the general X-ray properties of the young stars in the external regions of the cr Orionis 
cluster (t ~ 3 Ma, d ~ 385 pc) and yield constraints on the X-ray emission of brown dwarfs. 

Methods. We carried out a careful analysis of public data taken in an unexplored region to the west of the centre of the cluster with the 
three EPIC cameras onboard the XMM-Newton mission. We looked for new X-ray young stars among the 41 identified X-ray sources 
in the area with maximum likelihood parameters L > 15 by cross-correlation with the USNO-Bl, DENIS, and 2MASS databases. 
Results. Based on colour-colour, colour-magnitude, and hardness ratio diagrams, and previous spectroscopic, astrometric, and 
infrared-flux excess information, we classified the optical/near-infrared counterparts of the X-ray sources into: young stars (15), 
field stars (4), galaxies (19), and sources of unknown nature (3). Most of the X-ray detections, including those of nine young stars, 
are new. We derived the X-ray properties (e.g. temperatures, metallicities, column densities) of the twelve young stars with the largest 
signal-to-noise ratios. The X-ray parameters determined here are in well agreement with those found in the cluster centre, where the 
stellar density is higher. There is no relation between infrared excess and column density from X-ray measurement in our data. We 
detected flaring events in two young stars of the sample. One of them showed a very large (~ 30) relative increase in flux. Both stars 
showed high coronal temperatures during the observation. Finally, we determined upper limits to the flux of the young stars and bright 
brown dwarfs not detected by our searching algorithm. 

Key words, open clusters and associations: individual: cr Orionis - stars: activity - X-ray: stars 
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1. Introduction 

The cr Orionis cluster (r ~ 3 Ma, d ~ 385 pc) is a "well- 
equipped laboratory" for studying the formation, evolution, and 
astrophysical properties of high-mass, solar-like, and low-mass 
stars, brown dwarfs, and planetary-mass objects below the deu- 
terium burning mass limit ( Walborn 1974; Gr o ote & Hung er 
JZacatero et al. 200Ct iBejar et al. I I2OOII: iKenyon et alJ 
Caballero et al.. .20071) . The cluster takes the name from 
' the Trapezium-like system cr Ori in its centre (we use the 
abridged name, cr Ori, for the -at least- sextuple system, and 
the full name, cr Orio nis, for the epo nymous cluster). In spite 
of its early disc overy ( Garrisonlll967h, it was not un til the pi- 
oneer works bv' Wolkl (1 1996 1) and 'W alter et alj (11997 '). who de- 
tected an over-density of X-ray emitters and pre-main sequence 
stars (see Fig. [1]), when the cr Orionis cluster started taking 
importance. Afterwar ds, the detection of Herbig-Haro ob jects 
jReipurth et all Il998l) . brown dwarfs dBeiar et al. I Il999l) . the 
least massive object directly detected out of the Solar System 
(S Ori 70; Zapatero Osorio et al. 2002b), and planetary-mass ob- 
jects with discs ( Zapatero Osorio et alj|2007l) have transformed 
cr Orionis in a cornerstone for the study of st ellar and substellar 
popula tions in very young open clusters. See lCaballerol ( l2007al 
12008 c') for comprehensive cr Orionis data compilations. 

Regarding high energies in the cluster, the soft X-ray emis- 
sion (0.2-3.5keV) of cr Ori AF-B (09.5V + BO.OV + B0.5V - 
Caballero 2008b; D. M. Peterson et al. in prep.) was first re- 
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vealed by the Einstein Observatory dChlebowski et alj Il989l) . 
The X-ray emission in such an early-type star is thought to come 
from shock-heated g a s in t he radiatively driven stellar winds. 
iBerghofer & Schriiita d 19941) found no X-ray variability during 
a long-term monitoring with the Rdntgensatellit (ROSAT) of the 
triple system (unresolved in their o bservations), which s howed 
the stability of their winds. Lat er, ISanz-Forcada et al] d2004l) 
and IWaldron & Cassinelhl d2007h presented high energy reso- 
lution spectra of cr Ori AF-B obtained with the X-ray Multi- 
Mirror Mission - Newton (XMM-Newton) and the Chandra 
X-ray Observatory, respectively. Very recently, ISkinner et al.l 
('2008'), from data obtained with the High Energy Transmission 
Grating Spectrometer onboard Chandra, considered possible al- 
ternatives to the radiative wind shock, including magnetically- 
co nfined and colliding wind sh ocks . 

ISanz-Forcada et al] d2004l) reported a strong X-ray flare on 
the magnetic B2Vp star cr Ori E, the second brightest star in 
the clus ter, confirming the previ ous discovery of a flare on the 
star by iGroote & SchmittI d2004) with ROSAT data. Caballero 
et al. (in prep.) have also detected another flare using alterna- 
tive ROSAT data. However, X-ray flares are not expected in the 
wind scenario of early-type stars. The low - mass companion hy- 
pothesis supported by Sanz-Forc ada et all d2004l) an d discussed 
in the literature since the early 197 0s (see [Lan dstreet & Borral 
1978.) has been lately confirmed by Bouv et al.i (2008.) using a 
multi-conjugate adaptive optics system (cr Ori E and its fainter 
companion are separated by only 0.330 arcsec). 

In contrast to early-type stars, the origin of the X-ray emis- 
sion in low-mass stars resides on the high temperatures of their 
coronae. The first detailed analysis of young, low-mass X-ray 
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Fig. 1. Position Sensitive Proportional Counters (PSPC) 2.0 deg cut-off, intensity-scaled, summed pointed observations with ROSAT 
(0. 1-2.4 keV) centred on the Trapezium-like system cr Ori. North is up and east is left. Left: the Orion Belt, to the centre and 
north, and the Orion Nebula Cluster, to the south (~7x7deg^). The brightest Orion complex stars in the area and the field white 
dwarf GD 257 are indicated and labelled. Right: zoom of the inn er part (~2x2deg ^ '). Circ les represent the two regions observed by 



XMM-Newton: the first is centred on cr Ori and was analyzed bv Franc iosini et all (12006'): the second is centred on S Ori 55 and is 



analyzed in this work. Note the three X-ray sources of approximately the same brightness, aligned in the north-south direction, at 
about 15 arcmin to the west of cr Ori. Colour versions of all our figures are available in the electronic publication. 



stars in the cr Orionis cluster was carried out by ' Wolkl d 19961) 
using ROSAT. His work was surpassed, however, by the ex- 
haustive analysis o f the full EPlC/X MM-Newton field centred 
on cr Ori AF-B bv iFranciosini et al.1 (12006) . They detected 175 
X-ray sources, 88 of which they identi fied with cr Orion i s clus- 
ter members and candidate members. IFranciosini et al.l (l2006l) 
found no significant difference in the spectral properties of 23 
classical and weak-line T Tauri stars classified in the litera- 
ture. The formers, however, tended to be less X-ray luminous 
than the last. T his trend was also found in the cluster centre by 
ICaballerol(l2007bl) using Chandra dat a, which confirmed, for in- 
stance, the earlier results by Neuha user et al.l ([l995) in Taurus. 
Additional intermediate- and low-mass stars with X-ray emis- 
sion found with Einstein, the Advanced Satellite for Cosmology 
and Astr ophysics (ASCA), ROSAT, and Chandra h a ve been tabu- 
lated by Alcala et al. ( 1996), Nakano et al. ( 1999). Ada ms et al.1 
(12004). Caballero (2007a, 2008c), and Skinner et al . (2008|). The 
X-ray variability of 23 young stars (and one galaxy) with ROSAT 
has been recently investigated by Caballero et al. (in prep.). 

The X-ray activity extends down to below the hy drogen 
burning mass limit in cr Orionis. iMokler & Stelzerl (l2002b firstly 
investigated the X-ray emission near the substellar limit of the 
cluster Of the seven very low-mass cr Orionis members in the 
error box of a ROSAT source, three of them were classified 
as unambiguous detections. However, two of the actual emit- 
ters are very close (p ~ 4-5 arcsec) to young low-mass clus- 
ter stars, that are probably the ac t ual X-ray sources a nd not 
the brown dwarfs ('Caballero"2006'; 'Caballero et al."2007). The 
third X-ray brown dwarf candidate in Mokler & Stelzer (2002), 
Mayrit 633059 (S Ori 3), is AJ ~ 1.2 mag brighter than the stel- 
lar/substellar boundary (i.e. it is a star). 



To date, there remain only three confi rmed cr Orioni s 
brown dwarfs with X-ray emission (Francio sini et al.l l2006l) : 
Mayrit 433123 (SOri 25), Mayrit 487350 ([SE2004] 70), 
and Mayrit 396273 (SOri J053818.2-023539). The spectra 
of the three of them have Li i /16707.8A in absorption 
and/or low gravity features (e.g. abnormal alkali strength). 
Mayrit 433123 is a well known T Tauri substellar analog 
with Ha in strong emission, as wel l as He i (Q Beiar et alj 
Il999t iBarrado v Navascues et al.ll2003t iMuzeroUe et al.„2003lK 
It is, besides, one of the very few brown dwarfs whose rota- 
tional veloci ty corrected fro m inclination has been derived (v 
= 14 km s"' :ICaball er o et al.li2004). M avrit 487350 underwent a 
flare during Franciosin i et al.l (l2006l) 's observations, and might 
be the primary o f the widest exo planetary system detected so 
far (r ~ 1700 AU: ICaballero et al..2 006). Finally, Mayrit 396273 
(the f aintest brown dwarf of the trio) h as been poorly investi- 
gated (iKenvon et al.ll2005l; iMaxted et al.ll2008,) . 

With the aim of exploring the X-ray emission of ex- 
tremely low-mass cr Orionis members, F. Mokler conducted 
new deep XM M-Newton observations to th e w est of the cluster, 
complementing lSanz-Forcada et al.l (|2004|) and lFranciosini et al] 
(2006)'s observations, that imaged the cluster centre. The new 
observations were centred, in its turn, on Mayrit 1158274 
(S Ori 55), a substellar object at the brown dwarf/planet 
boundary with strong variable Ha e mission and infrared 
flux excess longwards of 5 um (Zapater o Osorio et al.l l2002al: 
IZapatero Osorio et al.ll2007HLuhman et alll2008l) . 

We use the deep XMM-Newton observations to the west of 
the cr Orionis cluster to determine general X-ray properties of 
the young stars in the cluster external region, where the stellar 
density drops. To complete our work, we give upper limits to 
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Table 1. Basic data of the observations and reduction. 



Observations 


Telescope 


XMM-Newton 


Instrument 




Cameras 


PN+MOS1+MOS2 


Mode 


Full frame imaging 


Filter 


Thin 


Centre a (J2000) 


05 37 31.4 


Centre .5 (J2000) 


-02 33 41 


Start observations (UT) 


2003 08 30, 13:52 


End observations (UT) 


2003 08 31,09:02 


PN exposure time 


42 ks 


MOS 1 exposure time 


50 ks 


MOS2 exposure time 


52 ks 


Total duration 


69 ks 



the X-ray emission of the brown dwarfs in the field. Our inten- 
tion is to determine the properties of the cluster X-ray emitters 
down to the substellar boundary. Once identified the X-ray stel- 
lar sources in the field, we conduct a spectral analysis to derive 
their basic parameters (e.g. energies of the thermal components, 
coronal metallicities, hydrogen column densities). We also look 
for flares during the X-ray monitoring and long-term variability. 
Finally, we complement our results with data from the literature 
to study the relation between X-ray emission and red optical- 
near infrared colours, which are indicative of spectral type and 
of the presence of surrounding discs. 



T 




05:37:55.9 05:37:25.9 05:36:55.9 

Right ascension 

Fig. 2. Combined EPIC image of the western region of the 
cr Orionis cluster in the 0.3-7.5 keV energy band. The three 
aligned X-ray sources in right window in Fig. [T] are now split- 
ted into four ones (the northernmost source falls just on a gap 
between detectors). 



2. Observation and reduction 

This XMM-Newton observation of the western region of the 
cr Orionis cluster (ID 0148300101) was performed in the revo- 
lution 682, between 2003 August 30 and 31, for a total duration 
of 69 ks. The three European Photon Imaging Cameras (EPIC) 
were operated simultaneously in full frame mode. In Table[T] we 
give the most important details of the observation. 

Data reductions followed the standard procedures. We used 
the version 7.1.0 of the XMM-Newton Science Analysis System 
software (SAS) to derive a table of calibrated events. Then, 
we applied different filters to eliminate bad events and noise. 
Finally, high flaring background periods were removed in each 
detector separately to maximize the signal-to-noise ratio of 
weak sources. Although the observation was strongly affected 
by high background, the final effective exposure times (42, 
50, and 52 ks for the PN, MOSl, and MOS2 detectors, re- 
spectively) are s t ill lon ger than the observation analysed by 
iFranciosini et alj (12006 ). Nevertheless, both observations are 
complementary since they slightly overlap at the eastern edge 
of our survey area. 

In Fig. 121 we show the combined (filtered and calibrated) 
EPIC (PN+MOS1-I-MOS2) image. We created images in the 
chosen energy band (0.3-7.5 keV) for each detector individu- 
ally. Then, we constructed exposure maps using the EEXMAP 
routine in the SAS software. These maps contain the spatial ef- 
ficiency of the instruments. By dividing the images by the expo- 
sure maps, we corrected them for the quantum efficiency, filter 
transmission, and mirror vignetting. The resultant images were 
divided by the corresponding effective area to account for the 
difference in efficiency of the EPIC-PN and EPIC-MOS detec- 
tors. Finally, the task EMOSAIC was used to construct a com- 



bined PN-hMOS image. A false-colour image combining X-ray, 
optical, and near-infrared data is shown in Fig. lA.ll 



3. Analysis and results 

3. 1 . X-ray source detection 

Standard packages available in SAS were used to reveal the 
sources in this region. In particular, we made use of the multi- 
task EMLDETECT, that first performs a sliding cell detection 
and then uses a maximum likelihood method to derive parame- 
ters for each source. The sliding cell method consists in a simple 
sliding-window-box detection algorithm. We used a low signal- 
to-noise ratio above the background (~ 4cr) to allow the detec- 
tion of as many sources as possible. The list of sources is given, 
in its turn, as an input in the maximum likelihood method. Final 
derived parameters of EMLDETECT for each source are: total 
source count-rate (CR), likelihood of detection (L), and hardness 
ratio {HR). The reader is referred to the specific SAS documen- 
tation pageQ for more details on the procedure. 

We performed the source detection for each camera dataset 
in three different energy bands: soft (0.3-2.0keV), medium 
(2.0^.5 keV), and hard (4.5-7.5 keV). Cleaned event-file cor- 
rected images (from bad pixels and noise) were used at this stage 
(see Section|2]i. We ignored the energy channels below 0.3 keV, 
because of the strong noise affecting the EPIC detectors under 
this value, and those above 7.5 keV, since only background is 
present at high energies. The energy bands selected here are very 
similar to those used in the XMM-Newton Bright Serendipitous 
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Fig. 3. False-colour composite images centred on four represen- 
tative X-ray sources (indicated with a 10 arcsec -radius circle): 
NX 5 (top left), NX 11 (top right), NX 30 (bottom left), and 
NX 32 (bottom right). DSS-2 plates at photographic B/Rfl^ 
bands are for blue, green, and red colours, respectively. Size 
is about 1.5x1.5 arcmin^. North is up, east is left. In the NX 5 
(OriNTT 429 AB) field, note the photometric cluster member 
candidate Mayrit 1416280 (OriNTT 429 C; Cab allerol 120083) 
at p ~ 12.1 arcsec to the north of the spectroscopic binary. In 
the NX 1 1 field, the 2MASS and DENIS photo-centroids of the 
two objects discussed in the text are at ~4 arcsec to the X-ray 
source. NX 30 (Mayrit 783254) is a young, early K-type dwarf 
with lithium in absorption. NX 32 (2E 1456) is a galaxy with a 
strong X-ray emission (Section [3.2.3b . Note: images are avail- 
able only in the A&A version. 



Survey (XBSS; ' Delia Ceca etaTI |2004|FI The hardness ratios 
constructed using these bands. 



HRi 
HR2 



CR, 



medium 



CR 



soft 



C'^medium CR^oft 
CRhard ~ CRmQ^ium 
CRhard ~^ ^^medium 



(1) 

(2) 



showed up as a very powerful tool to separate stellar sources 
from extragalactic ones. Non-absorbed coronal sources show, in 
general, low hardness-ratios (HRi < -0.75), while active galac- 
tic nuclei (AGNs) of galaxies present higher values because of 
both their high intrinsic absorption and emission mechanisms. 

After a careful visual inspection of the sources in the initial 
list, which allowed us to reject artifacts (bad pixels in the gaps 
between chips and near the borders, multiple detections, and cos- 
mic rays), we kept 41 X-ray sources with a maximum likelihood 
parameter L > 15. This parameter is defined as the Neperian log- 
arithm of the probability P that the observed counts come from 
random Poissonian fluctuations (L = - In P). Therefore, we kept 
those sources with a probability P < 3.0 x 10"^ of being spu- 
rious (non-Poissonian efifects -e.g. unidentified artifacts- may 
affect this probability when L ~ 15). 

The final list of X-ray sources is given in Table lA. fl For each 
source we give its position in equatorial coordinates, maximum 
likelihood of detection, count-rate obtained in each detector in 
the merged energy band 0.3-7.5 keV, and the hardness ratios 
(HRi and HR2). Several sources fell in CCD gaps or in non- 
overlapping fields of view of the three cameras, and lack, as a 
result, some measurements. Six X-ray sources (NX 4, 8, 16, 25, 
31, and 35) are detected only in one camera, and with maximum 
likelihood parameters in the interval 15 < L < 24, which calls 
its truly emission into question. 

3.2. Cross-identification and source classification 

First, we looked for optical and near-infrared counterparts of the 
X-ray sources in flie USNO-Bl, DENIS, and 2MASS catalogues 
(lEpchteinetal .111997^ iMonet et al.ll2003t ISkrutskie et alll2006l) 
using Aladin (Bonnar el et al. I l2000l)~ The maximum positional 
offset allowed for an object to be declared a possible counterpart 
was fixed at a conservative value of 10 arcsec, bearing in mind 



^ The HR2 and HR3 hardness ratios in lDella Ceca et all d2004h are 
identical to our HRi and HR2 ones, except for our soft band extending 
down to 0.3 keV instead of 0.5 keV. 
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Fig. 4. Hardness ratios diagrarn (HR2 vs. HRi; compare with 
fig. 5 in iDella Ceca et all 12004'). The different marker symbols 
represent: confirmed young stars in the Mayrit catalogue (-red- 
filled star symbols), candidate young stars (-red- open star sym- 
bols), field stars (-red- open squares), galaxies with near in- 
frared and/or optical counterpart (-blue- filled circles), galax- 
ies without near infrared or optical counterpart (-blue- open 
circles), NX 11 (-blue- filled up-triangle), and NX 23 and 41 
(-blue- filled squares). The dotted lines at constant HRi corre- 
spond to the locus enclosing ~90 % of type-1 A GNs in the XMM- 
Newton bright serendipitous survey sample jDella Ceca et al.l 
2004). In the lower right corner we report the median (solid) 
and the 90 % (dashed) percentile of the HRi and HR2 errors. 



the point-spread-function (PSF) of the EPIC cameras and their 
astromeric accuracy. For these cameras, the 80% of the PSF is 
contained in a circle with a diameter of 15 arcsec. For additional 
values of angular separations be tween X-ray and near-in frared 
counterparts in cr Orionis, see iFranciosini et al.l (2006). The 
mean offset between XMM-Newton and 2MASS/USNO-B1 po- 
sitions for the 30 X-ray sources with near-infrared/optical coun- 
terparts and their standard deviations are Aa - -2.2 + 1 .8 arcsec, 
A(5 = - 1 .7 + 1 .4 arcsec (i.e. the X-ray sources are situated, on av- 
erage, at 1 .2cr to the southwest of the near-infrared/optical coun- 
terparts). The non-zero offset is, however, very small and does 
not affect our results. The majority of the near-infrared/optical 
counterparts of our sources are inside a radius of 5 arcsec. This 
value has been typically used as a good estimation of the ef- 
fect ive ~ 90% confidence radius of uncorrected positions (e.g. 
Watson et a 012003). Note that the statistical eiTor-circle for a 
faint XMM-Newton source has cr^^^i - 1-2 arcsec. 

The results of our cross-correlation are provided in 
Table lA. 2I We compiled equatorial coordinates, B j (USNO-B 1), 
(DENIS), and JHK, (2MASS) magnitudes (or lower limits), 
and alternative names of the 41 X-ray sources. Coordinates were 
taken from Tycho-2, 2MASS, or USNO-Bl (with this order 
of preference). For the three brightest stars in the sample, we 
give Tycho-2 Bj magnitudes (H0g et al. 2000) instead of pho- 
tographic B J, which is the average of the two USNO-B 1 mea- 
surements ("Bl" and "B2"). Uncertainties of the Bj and / mag- 
nitudes are ~ 0.5 a nd 0.2-0.3 mag in this particular area. See also 
ICaballerd ( l2008cl) for a discussion on the validity of the DENIS 
;-band magnitude when 6i = 1.00 mag. Fig. [3] shows the optical 
counterparts of four representative X-ray sources and illustrates 
the cross-identification. 
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Up to eleven X-ray sources have no optical or near infrared 
counterpart at less than 12 arcsec; the nearest optical neighbours 
to some of these X-ray sources are located at more than 30 arcsec 
(40 arcsec for NX 25). For them, we provide the lower limits of 
their magnitudes from the completeness magnitudes of each sur- 
vey. Besides, five X-ray sources have no 2MASS counterpart at 
1.2-2. 2 jum, but are catalogued by USNO-Bl. Of them, only one 
source, NX 12, was also identified by DENIS at the / band. We 
list In instead of / in Table lA.2l for sources NX 3 and NX 18, that 
were found at the three photographic bands (BjRflN). The re- 
maining 25 X-ray sources have USNO-Bl, DENIS, and 2MASS 
counterparts at less than ~ 6 arcsec. Actually, the source NX 1 1 
has two possible optical/near infrared counterparts (see Fig. [3]); 
it will be discussed below. 

We have classified the 41 X-ray sources and their cor- 
responding optical/near infrared counterparts into young stars 
(15), field stars (4), galaxies (19), and sources of unknown 
nature (3) depending on their positions in the hardness ratio 
(Fig.|4]l, colour-colour, and colour magnitude (Fig.|5]) diagrams, 
and on spectroscopic, astrometric, infrared photometric, and 
point spread function (PSF) information. Table |2] summarizes 
our classification. The last column indicates the M ayrit num- 
ber fo r cr Orionis cluster members and candidates dCaballerol 
120083) . 



3.2.1. Young stars 

This class comprises the optical/near infrared counterparts of 
stars with known features of youth or that follow the spectro- 
photometric sequence of the cr Orionis cluster We have splitted 
the 15 young stars, in its turn, into confirmed (8) and candidate 
young stars (7). Six of the eight confirmed young stars have Li i 
/16707.8A i n abs orption in spectr a taken by iLee et a 
IWoig 0996^, and' Caballerd (l200g): NX 5, 7, 20, 27, 28, and 30 
(NX 5, 27, and 28 have redundant detections). There is informa- 
tion on its Ha /16562.8 A line for the six stars. In all cases, the 
Ha emission seems to be chromospheric. Likewise, other two 
stars (NX 36 and 38) have both intense H a emission detected 
with prism- objective and Schmidt plates ( Wiramihar dia et all 
1 19891 1 199 lb and infrare d flux excess at the IRAC/Spitzer bands 



dHernandez et aljr2007h These effects are ascribed to the pres- 
ence of circumstellar discs from where the central object ac- 
cretes material. The two objects have been classified as classical 
T Tauri stars (class II). 

There remain seven young star candidates. Four of them 
were t abulat e d as photometric c l uster member candidates b y 
IWol k (1996), Scholz & Eisloffel (200?), ISherrv et al.1 (|2004 . 
and iCabal lero (2006, 2007a): NX 4, 17, 34, and 37 The last star 
appea rs in catalogues prepared with Einstein data dHabing et alj 
11994 . was classified as a pre-main sequence ROSATX-ray emit- 
ter star by [Wolk (1996), and had a large unabsorbed X-ray lu- 
minosity (Lx - 30.6 6 [cgs]) in the XMM-Newton observations 
by .Franciosini et al. (l2006i), that make NX 37 to be a truly 
young active star. lCaballero d2006l) obtained a poor optical spec- 
trum of NX 17 where the Li i and Ha lines were hardly dis- 
cernible. The three remaining photometric candidates (NX 14, 
16, and 21) are presented here for the first time. The three of 
them also follow the sequence of the young stars in the hardness 
ratio, colour-colour, and colour-magnitude diagrams. In reallity, 
they are slightly bluewards of the conservative selection crite- 
rion in the / vs. / - Ks diagram in fig. 4 in Caballero (2008c), 
but still redwards of the lower envelope of c onfirmed young 
stars in cr Orionis. As akeady mentioned by ICaballero et alj 



d2006h . cluster members with X-ray emission tend to have bluer 
optical/near-infrared colours than T Tauri analogs. Since most 
of the photometric searches in the cluster have been based on 
colour-magnitude diagrams and, therefore, biased towards the 
detection of (red) T Tauri analogs, the bluest part of the spectro- 
photometric cluster sequence is not well defined yet and many 
X-ray stars still wait identification. All the 15 young stars and 
candidates have hardness ratios HRi < -0.75. 

3.2.2. Field stars 

The four field star candidates have hardness ratios consistent 
with their probable stellar nature if uncertainties are taken into 
account. The brightest counterpart (NX 21) is a Tycho-2 star 
with accurate astrom etry th at was classified as a non-cluster 
member by C aballerol d2007a) based on its proper motion larger 
than 10 mas a ' . Their colours match with those of F-type (inter- 
acting binary?) dwarfs. It is the only field star whose maximum 
likelihood parameter L is larger than 25. 

The remaining three field star candidates, that are among the 
faintest X-ray sources in our sample, are presented here for the 
first time. They have very blue / - colours for its / magni- 
tude if compared with the cr Orionis sequence in the colour- 
magnitude diagram (by up to 0.75-1. 00 mag), but follow the 
dwarf sequence in the colour-colour diagram (Fig.|5]l. They seem 
to be late K-type dwarfs in the foreground of cr Orionis. 

3.2.3. Galaxies 

The eleven X-ray sources without optical or near infrared coun- 
terpart are probably background galaxies. First, they have mag- 
nitudes J > 17.1 mag, that correspond to the lower mass par t 
of the substellar domain in cr Orionis dCaballero et al.ll2007h . 
If cluster members, they would have magnitudes / > 21 mag, 
which would explain their null detection in the optical. However, 
even in the most favourable case of an a index of the mass spec- 
trum (AN /AM oc M'") close to the Salpeter one (a = -2.35), 
which is in clear contradiction with re cent determina tions of the 
initial mass function in the cluster (Caba llero et alJ '2007). we 
would not expect such a large population of faint cluster mem- 
bers. Secondly, these hypothetical faint cluster members would 
have extraordinary large Lx/i'boi ratios: the faintest X-ray brown 
dwarfs in cr Orionis (Section[Tll are brighter than J - 15.5 mag. 
Thirdly, the great majority of the X-ray sources have hardness 
ratios HR\ > -0.75, more typical of extragalactic sources. And 
finally, the contamination by background galaxies in cr Orionis, 
some of which may be X-ray emitters, gets more important at the 
faintest magnitudes. See compilations of extragalactic sources 
in the Orion B elt (some of which were previously iden t ified a s 
acti ve stars) in ICaballerol d2008cl) . ICaballero & Solanol d2008l) . 
and I Caballero et al.l d2008l) . As a result, the abundance of X- 
ray sources with faint optical counterparts or without counter- 
parts at all (see Table B.l in Franciosini et al. 2006) is natu- 
rally explained by a background population of galaxies (espe 



cially, AGNs pow ered by massive black holes - iReesI 



1984 



2003 



Stockeetal. 1991: IComastri et alj|l995l: [Alexander et al.1 
lUeda et al.ll2003i) . 

The extragalactic hypothesis is supported by the identifica- 
tion of four X-ray sources in our field with extended PSFs in 
the optical and/or near-infrared (NX 10, 12, 13, and 32) and 
four USNO-Bl sources without near infrared counterpart. The 
last sources have colours Bj - J < 2.7 mag, i.e. bluer than 
late K-type stars, approximately. Such blue colours at the corre- 
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Table 2. Classification of X-ray sources. 



NX 


[FPS2006]'' 


Remarks 


Reference* 


Class 


Mayrit 


1 


... 


No optical/nIR counterpart 




Galaxy 


... 


2 


... 


No optical/nIR counterpart 




Galaxy 




3 




Only optical counterpart 




Galaxy 




4 




Pilot, young candidate 


Ca07a 


Young star candidate 


1456284 


5 




Li I, Ha, SB2 


Lee94, Ca06 


Young star 


1415279AB 


6 


... 


Blue i - K, 




Field star 




7 


... 


Li I 


Ca06 


Young star 


1374283 


8 




No optical/nIR counterpart 




Galaxy 




9 




Blue / - 




Field star 




10 


... 


Extended PSF 




Galaxy 




11 


... 


Extended PSF/binary system 




Unknown 




12 


... 


Extended PSF, only optical counterpart 




Galaxy 




13 




Extended PSF, blue/red, strong X-ray 




Galaxy 




14 




New phot, young candidate 




Young star candidate 


1 149270 


15 


... 


No optical/nIR counterpart 




Galaxy 




16 


... 


New phot, young candidate 




Young star candidate 


1344302 


17 




Phot, young candidate, Li i .', Ha .' 


Sh04, Ca06 


Young star candidate 


1298302 


18 




Only optical counterpart 




Galaxy 




19 


... 


Only optical counterpart 




Galaxy 




20 


... 


Lii 


Sh04, Ca06 


Young star 


1027277 


21 




New phot, young candidate 




Young star candidate 


1160240 


22 




NOyU 


Ca07a 


Field star 




23 


... 


Blue - A^s 




Unknown 




24 


... 


Blue i - Ks 




Field star 




25 




No optical/nlR counterpart 




Galaxy 




26 




No optical/nIR counterpart 




Galaxy 




27 


1 


Li 1, Ha, Ml-3 


WoOo, CaOsc 


Young star 


191212 


28 


2 


Li 1, broad Ha, KO 


Wo96, Ca06 


Young star 


789281 


29 




No optical/nIR counterpart 




Galaxy 




30 


3 


Li I, Ha, KO 


Wo96 


Young star 


783254 


31 


... 


No optical/nlR counterpart 




Galaxy 




32 


... 


Extended PSF, blue/red, strong X-ray 


CaOSd 


Galaxy 


... 


33 




Only optical counterpart 




Galaxy 




34 




Phot, young candidate 


SE04, Sh04 


Young star candidate 


887313 


35 


5 


No optical/nlR counterpart 




Galaxy 




36 


7 


Strong Ha, class 11 


Wi89, Sh04, He07 


Young star 


662301 


37 


8 


Phot, young candidate. X-ray 


Wo96, Fr06 


Young star candidate 


615296 


38 


9 


Strong Ha, class 11 


Wi91, Sh04, HeOV 


Young star 


547270 


39 


12 


No optical/nlR counterpart 




Galaxy 




40 




No optical/nlR counterpart 




Galaxy 




41 


14 


Blue - K, 




Unknown 





" X-ray source number in lFranciosini et al"] (l2006h. 

* Reference abbreviations - Wi89: IWiramihai-dia et al."(1989|); Wi91: IWiramihardia et &\'.{\99W Lee94:'Lee et al.'('l994'); Wo96:'Wolk(199€^ 

SE04: Scholz & Ei sloffell j2004l) : Sh04: Sherrv et al. (2 00l); Fr 06: iFranciosini et al . (2006); Ca06: .Caballero C2006) ; Ca07a: .Caballerol 

(£007^; He07: lHemandez et alj ( [20071) : Ca08c: ICaballerdT2008cD : Ca08d: ICabal'lero et al.l ( |2008|) . 



sponding faint magnitudes are inconsistent with those of early- 
type stars at v ery long heliocen tric distances (at several Galactic 
height scales: IChen et alj|2001h and with late-type dwarfs in the 
foreground of the cluster The low extinction towards cr Orionis 
{Ay ~ 0.3 mag) cannot be responsible of the faintness of these 
sources in the near infrared. 

Two of the galaxies with extended PSFs were early detected 
by Einstein: 2E 1448 (NX 13) and 2E 1456 (NX 32, the sec- 
ond brightest X-ray source in our sample). The NASA/IPAC 
Extragalactic Database (NED) tabulates isophotal major axes 
2a = 24.0 and 14.60 arcsec at the reference level 20.0^^5- 
magarcsec"^, respectively. Both of them were catalogued as 
galaxies with peculiar colours by Caballero (2008c): on the one 
hand, NX 32 has very blue colours in the optical (Bj - i ~ 
-0.3 mag), but very red colours in the near infrared {J - 



— 1.68±0.10mag). On t he other hand, NX 13 has appreciable 
emission at 4.5-8. Oyum dHernandez et alj|2007h . In Section. l44l 
we present spectral fitting of these two galaxies. 

3.2.4. Sources of unknown nature 

NX 1 1 . We have not been able to discriminate which is the ac- 
tual source of the X-ray emission of NX 11 . As mentioned in 
Section [3T2l NX 1 1 has two possible optical/near infrared coun- 
terparts. One is a dwarf star candidate (up-triangle in right win- 
dow in Fig. |5]l and the other one (down-triangle) is a red galaxy 
with an extended PSF. Both counterparts are at ~ 4 arcsec to the 
X-ray source. If the dwarf star were the X-ray emitter, it would 
be an active star in the field and not a cr Orionis member candi- 
date. 
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-0.5 0.5 1 1.5 2 2.5 3 3.5 0.5 1 1.5 2 2.5 3 3.5 

Bj-i [mag] i_Ks [mag] 

Fig. 5. Colour-colour and colour-magnitude diagrams. The marker symbols are as in Fig.|4] The (blue) filled up- and down-triangles 
are for the brighter and fainter (in B j) counterparts of NX 11, respectively. Left: J - Ks vs. Bj - i colour-colour diagram. The star 
sequence runs from (Bj - i, J - K^) ~ (1.0, 0.4) mag to ~ (2.5, 1.0) mag. At redder Bj - i colours, the J - colours keep roughly 
constant at ~ 1.0 mag except for disc harbour stars, like the two class II stars at (By - /, J - K^) ~ (2.3-2.6, 1.10-1. 25) mag. Right: 
i vs. / - Ks colour-magnitude diagram. The dotted (red) lines are approximate completeness and detection limits of the combined 
DENIS/2MASS cross-correlation. The solid (black) Une is the criterio n for selecting candidate cluster stars and brown dwarfs 
without known features of youth in cr Orionis used by lCaballerd (l2008cl) . The dashed (black) line is the criterion shifted bluewards 
by 0.25 mag. 



NX 23. In spite of its clear detection in the PN, MOSl, and 
MOS2 cameras (L = 79), and its relative brightness in the optical 
and the near infrared (e.g. J - 13.70±0.03 mag), NX 23 displays 
the largest deviation between the coordinates of the X-ray and 
optical/near infrared counterparts (p ~ 1 arcsec). Besides, while 
the optical/near infrared counterpart have typical colours of nor- 
mal field dwarfs, the hardness ratios are peculiar for its hypothet- 
ical stellar nature {HRi = -0.42+0.11, HR2 = -0.62+0.11). To 
explain this dilemma, the origin of the X-ray source could be an 
X-ray emitter galaxy in the background that is not detectable in 
the Digital Sky Survey (nor DENIS nor 2MASS) instead of an 
irregular, extremely active. X-ray emission from the correlated 
dwarf. 



NX 41 . This X-ray source was previously identified with a pos- 
sible cluster candidate from 2MASS by Franciosini et al. (2006; 
with identification number 14 in their list). However, it displays 
much bluer colours than confirmed cr Orionis members of the 
same magnitude (J = 16.33+0.09 mag, i - ~ 1.8 mag), com- 
bined with soft hardness ratios (HRi - -0.47+0.16, HR2 - - 
0.48+0.16). It is probably another active galaxy in the back- 
ground. 

3.3. Derivation of X-ray properties 

Of the 15 X-ray sources cross-identified with cr Orionis mem- 
bers and candidate members in Section [3.2.1l twelve have more 
than 800 counts in the summed EPIC image after background 
correction. As a matter of a fact, all of them have maximum 
likelihood parameters L > 100. Only three young stars (NX 4, 
16, and 36) have X-ray emission faint enough for preventing the 
derivation of X-ray properties (i.e. less than about 400 counts, 
L < 25). We carried out a spectral analysis of the 12 brightest X- 
ray counterparts of young stars using data from the EPIC camera 
and the XSPEC spectral fitting package (jArnaudlll996l |2004 . 



The X-ray spectrum of each one of these sources was first cor- 
rected by subtracting a background spectrum, extracted from a 
close region in the same detector and scaled to the source extrac- 
tion region area. We adopted the Astr ophysical Plasma Emission 
Database (APED; iSmith et al1l200ll) . that contains the relevant 
atomic data for both continuum and line emission included in 
the XSPEC software. Interstellar absorption, A^h, was taken into 
account using the photo -electr ic absorption cross-sections of 
iMorrison & McCammonI (Il983l) . also available in XSPEC. 

In Table [3] we give the results of fitting with the 
Astrophysical Plasma Emission Code (APEC) model. In gen- 
eral, we used a two-temperature (2T) model, with fixed relative 
abundances. We applied a one-temperature (IT) model only for 
the four sources with maximum likelihood parameters L ~ 100 
(i.e. less counts), since the addition of a second thermal compo- 
nent did not improve the goodness-of-fit of the least-square 
solution. The remaining X-ray sources with satisfactory fitting 
to a 2T model have L > 750 (and up to L ~ 33 000). For 
source NX 27, a third thermal component was needed to ob- 
tain an accurate fitting to the hard tail of its X-ray spectrum (a 
power-law component cannot satisfactorily fit it). The tempera- 
tures and emission measure ratio given in the table correspond to 
the soft and medium thermal components. See further details in 
Section l4.1.3l In Figs. lA.2] and lA.3l we show the X-ray spectral 
fitting of the twelve young stars. 



4. Discussion 

4. 1 . X-ray young stars 

4.1 .1 . New X-ray sources in cr Orionis 

We have derived the X-ray properties of 12 young stars (TableO, 
while three of them were too faint. Of the latter stars. 



8 J. Lopez-Santiago and J. A. Caballero: New deep XMM-Newton observations to the west of tlie cr Orionis cluster 

Table 3. X-ray properties of our 12 brightest X-ray sources associated to cr Orionis cluster members and candidates, with errors 
measured as the 90% confidence range. 



NX 


Mayrit 


kTi 
[keV] 


kT2 
[keV] 


EM1/EM2 


Z/Z" 


A'h 
[10-' cm-2] 


xlAd.o.t) 

red' ^ ' 


4 

[lO-'^ergcm-^s-'] 


5 


1415279AB 


0.36+!!-!!' 

-0.04 


1.02+!! »6 

-0.06 


0.77 


0.13+!!°t 

-0.03 


0.56+"!? 

-0.17 


0.98/155 


2.2i!:2-54 


7 


1374283 


-0.16 


-0.73 


1.16 


0. 1 

-0.07 


1.04+"-3^ 


1.27/98 


1.38+2-?' 

-1.14 


14 


1149270 


0.77+!!-|' 

-0.15 






0.08+!!!;3 

-0.03 


0.55+"« 

-0.31 


1.07/22 


0.09+"" 

-0.03 


17 


1298302 


-0.1 1 


3.31+f,-^ 

-1.18 


0.36 


0.39+"9 

-0.14 


0.19+^1'^ 

-0.19 


0.92/76 


1.28+1^5 

-1.02 


20 


1027277 


Q 75+0.18 

"•'-'-0.44 






09+" '^ 


1 02*"* 

^■"^-0.81 


1.04/34 


12+" °2 
"■^^-0.02 


21 


1160240 


72+°-"* 

-0.16 






07+" °^ 
"■"'-0.02 


57+"-^'' 

"■-"-0.27 


0.89/42 


n 9^+0.04 
"■^-"-0.05 


27'' 


797272 


^9+0.06 
"•-'^-0.04 


1 12+"'^ 


0.84 


15+"^^ 

"■^•^-0.08 


72+" 3" 
"■ '^-0.22 


1.22/198 


o 47+3.74 
-^■^'-2.77 


28 


789281 


'-^-0.06 


1 77+0.18 
i. / /_02i 


0.31 


0.38^1^ 


46+""^ 
"■^"-0.12 


1.10/336 




30 


783254 


n 70+0.02 


1 Q9+0.13 


0.60 


0.21!!!:^^ 




1.33/354 




34 


887313 








03+" '" 

"■"-'-0.03 




1.13/27 


Q3J+0.39 

"■-'^-o.oi 


37 


615296 


34+o"4 


1 14+0.07 
^■^^-0.10 


0.63 


13+"°" 

"■^-'-0.03 


Q7J+0.15 
"■ ' ^-0.15 


0.99/270 


4 4q+4.96 
^■^^-4.10 


38 


547270 


67+° '° 

"•"'-0.19 


1 30+"*^ 


0.66 


51+" **" 


17+"°'' 

"■^ '-0.17 


1.04/48 


56+" ''' 
"■-•"-0.39 



" Global abundance scaled on the solar value from lAnders & Grevessd il989l) . 

* Unabsorbed X-ray flux in the 0.3-10.0 keV band. Fx was computed through fixing A^h = after fitting with XSPEC (using the APEC model). 
For details on the fitting procedure and how to calculate errors, we refer the reader to the online XSPEC guide (accessible from the HEASARC 
website: http : //heasarc . nasa . gov/docs/xanadu/xspec/index . html 1. 

For source NX 27, a 3T model was also used. The third component has kT^ = 4.34+^ keV and EM1/EM3 = 1.01. 



- NX 4 is a bright Tycho-2 star with arguable X-ray emission 
and expected spectral type at around late-A or early-F (with 
low frequencies of X-ray emission), 

- NX 16 is in the bluest part of the cluster sequence in the 
; vs. / - Ks diagram, has a very low maximum likelihood 
parameter (L - 17), and was only detected by one camera 
(i.e. its youth is debatable), 

- and NX 36, with reliable (faint) X-ray emission and J - Ks 
= 1.22±0.04mag, is the reddest young star in our sample 
and one of the reddest stars in cr Orionis. The infrared flux 
excess at IRAC and MlPS/Spitzer passbands and its strong 
He emission (see references in Table |2| are an evidence of 
NX 36 (Mayrit 662301) having a developed disc, possibly 
edge-on, that absorbs any possible X-ray emission from the 
corona or from the channels that connect the inner border of 
the disc with the central object (Konigl 1991). 

Of the twelve young stars with derived X-ray properties, four 
have not enough signal - i.e. counts - for an accurate fitting to 
a 2r-model. Therefore, only one thermal component was fitted 
for the four of them. They are: NX 20 (a confirmed young star 
with lithium), NX 14 and NX 21 (two new photometric clus- 
ter member candidates), and NX 34 (a non-variable photometric 
cluster member candidate; Scholz & Eisloffel 2004). The X-ray 
emission ensures their extreme youth. Likewise, the set of eight 
young stars with at least two thermal components comprises six 
confirmed stars with spectroscopic features of youth (NX 5, 7, 
27, 28, 30, and 38) and two previously known photometric clus- 
ter member candidates (NX 17 and 37). 

To sum up, by deriving their X-ray properties, we show 
that five young star candidates selected in colour-magnitude 
diagrams are actually young (two are presented here for the 
first time -NX 14 and 21-; two were unconfirmed cluster 
member candida t es -N X 17 and 34-; one was confirmed by 
iFranciosini et alj (l2006l) -NX 37-). Besides, we first find X-ray 



emission from three young stars with lithium (NX 5, 7, and 20). 
In other words, of the 15 young stars investigated here, the detec- 
tion of X-ray emission of nine of them is new (but NX 4 and 16 
detections are questionable). 

Although these numbers are far from the numerous popu- 
lation of X-ray s ources first found in the trailblazer works by 
Wolk (1996) and ' Franciosini et alj (12006^. some of our young 
stars with emission are at previously uncovered angular dis- 
tances from the cluster centre. Using previous ROSAT and XMM- 
Newton data, they could properly study the innermost 15 arcmin 
of cr Orionis, and hard ly in the 1 5 -20 arc min external region. 
However, as shown by ICaballerol (l2008a). the "core" and the 
"halo" of the cluster extends up to 20 and 30 arcmin, respec- 
tively. At larger separations from the Trapezium-like system that 
defines the cluster centre (i.e. p > 30 arcmin), the surface den- 
sity of cluster members drops notoriously, and the contamina- 
tion by nearby young populations (around Mintaka to the north- 
east, Alnilam to the north west, and the Horsehead Nebula to th e 
southeast) gets important jJeffries et alJl2006l;ICaballerdl2008cl) . 
Except for NX 34 (that is at p ~ 14.8 arcmin from cr Ori AF-B), 
all our X-ray young stars lie on the external (17 arcmin < p < 
24 arcmin) region (i.e. in the cluster core-to-halo transition). The 
decrease in the surface density of X-ray young stars at large 
distances from the cluster centre that we observe is an obvious 
consequence of the decrease in the surface density of cr Orionis 
members, that approximately follows a distribution proportional 
top-i (fCaballeroll2008al) . 

4.1.2. Discs and A^H 

The value of the column density A^h in our X-ray model 
accounted for both the interstellar column density and the 
circumstellar material that could surround each star, like a 
protoplanetary disc or diffuse interstellar material left over 
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Fig. 6. Same as Fig.|5] but for the fc^ra vs. ksTi diagram only for 
the young stars in Table [3] The young star candidate with high 
temperatures is NX 17. Its upper limit of kBT2 is undetermined. 



from its formation. On the one hand, from the low E(B - 
V) colour excess towards the cr Orionis cluster, that lies 
in the interval 0.04-0.09 mag jLee 
Beiar et al.l 120 04; Hernandez et al.l 



1968; Beiar etal. 2001; 
20051: ISherrv et al.1 120081; 
Gonzalez-Hernandez et al..,2008.) . it is derived that the expected 



interstellar column density approximately varies between 2.2 
and 4.910>^m~2 (j g ^ 0.22-0.49 10^' cm^^). There are 
two of our 12 young stars with A^h larger than this range 
(A^H ~ 1.0 - 1.2 X 10^' cm"^), even taking the errors into ac- 
count. They are NX 7 (J - K, = 0.48+0.03 mag) and NX 34 
(J - Ks - 0.96+0.05 mag). There are no hints for the first star 
to have a disc (NX 7 falls out of the area investigated to date 
with the Spitzer Space Telescope and the Infrared Array Camera; 
[Hernandez et alJl2007h . while the relatively red colour for the 
magnitude of the second star might suggest the presence of a 
disc (NX 34 has the third reddest J - among the 12 stars). 

On the other hand, there are two cr Orionis stars in our anal- 
ysis catalogued as classical T Tauri stars. One is the faint X-ray 
emitter NX 36, that was discarded for the spectral energy distri- 
bution fitting because of their low number of summed counts. Its 
very red near-infrared colours (J - - 1.22±0.04mag) sup- 
port the scenario of an X-ray absorbent disc (Section 14.1.11 ). 
However, the other classical T Tauri star with infrared flux ex- 
cess at 2-8 /im (NX 38, with colour index J - = 1.10 + 
0.04 mag) has a low value of A^h- There are four young stars 
whose X-ray parameters have been derived and possess less 
counts than NX 38, and none of them displays such a 7 - K^-Nh 
incompatibility. Instead of claiming a contradiction with the sce- 
nario of an X-ray absorbent disc, we propose a simpler solution 
based on a geometrical fact: the X-ray emission from the up- 
per layers of the atmosphere of NX 38 passes through a shorter 
portion of disc because of a relatively larger inclination angle 
with our visual (i.e. the disc is pole-on). This hypothesis, nev- 
ertheless, should be verified by determining the disc inclination 
angle. 



4.1.3. X-ray variability 

In the source detection stage (Section lTTI ). we created a cleaned 
event-list, rejecting 30 % of the observation (see Table [T]i. We 
used this event-list to look for variations in the lightcurve of 



our sources. Since the period in which high background level 
is present is large, the statistical analysis of variations was not 
possible. In these conditions, it is difficult to detect, for in- 
stance, variations due to rotational modulation. In our sample, 
two sources showed clear flaring events in their lightcurves: 
NX 17 and NX 27 (see Fig.|7l). In this section, we focus on such 
events. 



NX 1 7. This source (identified with the young cluster mem- 
ber candidate Mayrit 1298302; see Table ^ showed a large 
flare with a duration of more than 4h and a relative increase 
in flux of ~ 30. This is much larger th an observed in young 
stars in Taurus dFranciosini et al.l l2007h and comparable with 
those ob served in sorae you ng stellar objects in the Orion Nebula 
Cluster jFavata et al.ll2005h . The mean coronal temperature dur- 
ing the observation reached 3.3 keV {T ~ 38 MK). This value 
is typical of high-energy fl aring events in late-type stars (see 
ICrespo-Chacon et ani2007l and references therein). 



NX 27. This source has been identified with the cr Orionis mem- 
ber Mayrit 7972 72, an Ml-3 type star that shows a large lithium 
absorption line (IWolklll996HCaballero et alJl2008l) . In its X-ray 
lightcurve, it showed a first flare at f 14 ks from the begin- 
ning of the observation and high variability during the second 
half of it, probably coming from a second flare. With a total du- 
ration of ~ 9 ks, the first flare presented a relative increase in 
flux of ~ 4, similar to the observed in o ther young stars (e.g. 
'Favata et al."2005';'Franciosini et al."2007) and in field M dwarfs 
(e.g. Robrade & Schmitt 2005). The temperature of the hotter 
component in the spectral fitting to the whole observation is 
4.3 keV {T ~ 50 MK). Both flares are probably contributing to 
the spectra. 



4.2. Young stars and brown dwarfs without X-ray counterpart 

A series of star and bright brown dwarf members and candi- 
dates of the cr Orionis cluster in the Mayrit catalogue dCaballerol 
2008c), and that fall in the area covered by XMM-Newton, 
were not detected in this observation because of their low 
X-ray emission. Most of them show features of youth, such 
as Li I in absorption. Ho- in strong broad emission, abnor- 
mal strength of alkali lines due to low gravity, early spec- 
tral types (OB), and/or flux excess longwards of the J band 
(i.e. class II). S Ori 55 (Section [1), located in the centre of 
the field of view and close to the central gaps, is one of 
these objects. Other interesting ones are S Ori 70 (see, again. 
Section [TJ, with a tentative mass of ~ 3 Mjup and a possi- 
ble disc, and S Ori 66, also in the planetary-mass domain and 
with a (likely) mid-infrared flux excess and strong Ha emission 
(Barrado v Navascues et al.' '2001'; 'Zapatero Osorio et al.l 120081 ; 
Scholz & Javawardhana 2008; Luhman et al 2008). They are 
maybe the most interesting ultra low-mass objects in the area. 
Some other candidates and members of the cluster fall in a de- 
tector gap or close to the border, which avoided any reliable de- 
tection of such sources. 

For all the members and candidates of cr Orionis in the 
Mayrit catalogue with no X-ray counterpart in our observation, 
we give upper limits to their X-ray emission in Table |A.3l Fluxes 
were determined from the count-rate measured in a circular re- 
gion of 15 arcsec centred on the position of each source in the 
(exposure-map corrected) EPIC image. The count-rate Simula- 
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Fig. 7. Background subtracted X-ray lightcurves of the stars Mayrit 1298302 (NX 17) and Mayrit 797272 (NX 27) in the energy 
range 0.3-7.5 keV. The bin size is 800 s. The light grey area marks the parts of the spectrum rejected for this study because of 
the high background level. Both stars showed clear flaring events which caused the rising of the coronal temperature (see text for 
details). 



tor WebPlMMSO was used to transform count-rates to fluxes. We 
assumed a hot plasma model with kT - 1 ke V and a column den- 
sity A^H = 0.27 X 10^' cm"^ for every source (see Section 14.1.21 
for a detailed discussion on the interstellar column density in the 
direction of the cr Orionis cluster). The temperature of 1 keV is 
representative of the corona of young stars and has been also ob- 
served i n the X-ray emi tting brown dwarfs in the Orion Nebula 
cluster (Feig elson et al. ' 2005). Some of the listed objects were 
marginally detected by the detection algorithm, but showed max- 
imum likelihood parameters below the value chosen here for re- 
liable detection, L > 15. 

The upper limits given here put constraints to the X-ray 
emission of the low mass objects in the field. Very few is known 
about the X-ray emission from brown dwarfs. Apart from the 
cr Orionis brown dwarfs introduced in Section [1] there have 
been only a handful of detections in other young star-forming 
regions, such as the Orion Nebula C l uster, Chamaeleon, and 
Taurus jNeuhauser & ComeronI Il998t iNeuhauser et al 1 119991; 



llmanishi etakl 120011: ITsuboi et al.1 [20031; iPreibisch et al. 



l2005h 



There have also been re ports of X-ray emiss ion from a brown 
dwarf in the Pleiades (Briggs & Py^ l2004h and two brown 
dwarfs in t he field: LP 944-20 (member of the Castor mov- 
ing group, Rutledge et aTl l2000l) and GJ 569B[ab] (question- 
able; |Stelze:J'2004') Nowadays, it is accepted that brown dwarfs 
and low-m ass stars share the same formation mechanism (e.g. 
ICaballero^et al.ll2007l) and, therefore, brown dwarfs are "stars to 
scale" without stable hydrogen burning. Albeit brown dwarfs are 
smaller (fainter, cooler) t han stars, they rotate mu ch faster (with 
periods of about 10 h; see lMohantv & Basri'2003 , and references 
therein) which may enhance their magnetically-driven, internal 
dynamos. This enhancement might produce, in its turn, an extra 
heating of the hot, tenuous. X-ray-emitting, upper atmospheric 
layer in brown dwarfs. 



4.3. Comparison to previous XMM-Newton observations 

There are nine X-ray so urces in common w ith the XMM- 
Newton observations by .Franciosini et al.l (12006 ) and ours (see 
second column in Table |2]l. They are six young stars, two 
galaxies (NX 35 and 39), and a source of unknown nature 



3 WebPIMMS is available at: 

|http : //heasarc . nasa . gov/Tools/w3pinims . html | 



(NX 41; Section [3T4l i, classified by iFranciosini et al.l (l2006h 
as cr Orionis cluster members or candidates, unidentified X- 
ray sources, and a possible cluster candidate from 2MASS, re- 
spectively. The X-ray parameters determined here for the stellar 
sources for which a spectral fitting was possible in both works 
(NX 28, NX 30, and NX 37 ) are w eU in agreement with those ob- 
tained bv IFranciosini et all (l2006h . The remaining stars in com- 
mon are too faint in, at least, one of both works to perform a 
robust fitting to their spectra and, thus, we cannot compare re- 
sults. The case of NX 27 ([FPS2006] 1 in Franciosini et al. 2006) 
is remarkable since, in our observation, its c ount-rate is more 
than one order of magnitude higher than in the IFranciosini et aTl 
(2006)'s one. Here, the star showed high X-ray variability com- 
ing from large flaring events (Section |4.1.3t and it had counts 
enough to do an accurate spectral fitting. The e nergy band used 
in our study, 0.3 - 7.5 keV, is similar to that of IFranciosini et aLl 
(2006), who used 0.3 - 8.0 keV. 

Besides, there are seven additional X-ray sources that 
'Francios ini et al.l (|2006) associated to cluster members and can- 
didates and that were not detected with our task, although they 
fall in our survey area. However, all of them (with [FPS2006] 
identification number in the last column of Table I A. 3] ) are very 
faint and located in (or very close to) borders or gaps of the de- 
tectors in our observation. 



4.4. X-ray galaxies 

Of the 12 X-ray sources in Table lA.ll with maximum likelihood 
parameters L > 400, eight are young stars and four are back- 
ground galaxies with HR2 > -0.5. The remaining 29 sources 
have L < 100. Two of the four hard X-ray emitters in our sample 
(NX 13 and 32) were previously detected with Einstein and iden- 
tified with galaxies (see Section [323] for details). They are the 
eighth and second brightest sources in this XMM-Newton field, 
respectively. The other two galaxies are NX 12 and 26 (with L = 
1601 and 394, respectively) and have no near-infrared counter- 
part (NX 26 has no optical counterpart, either). 

The study of the X-ray properties of the AGNs in the field 
is far from the scope of this paper Nevertheless, we show in 
Fig. |A.4| the X-ray spectra observed here for NX 13 and NX 32, 
together with a simple fitting using a power-law, to compare with 
the spectra of the young stars (Figs. |A.2l and |A.3t . The X-ray 
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spectra of these sources are clearly distinguishable from those 
of the young stars in our sample. 



5. Summary and final remarks 

We used archived data from the XMM-Newton mission to ex- 
plore a region to the west of the centre of the cr Orionis cluster, 
slightly overlapped with a previous observation centred on the 
eponymous stellar system cr Ori. Our aim was to search for new 
X-ray young stars in the region and determine their X-ray prop- 
erties. After a careful inspection of the source list resultant from 
the use of a maximum likelihood technique to reveal sources 
in the images of the EPIC cameras, we kept 41 X-ray sources. 
Among them, a total of 15 are young stars, 4 are field stars, and 
19 are AGNs. The remaining three sources are of unknown na- 
ture, probably AGNs given their hardness ratios. Many of the re- 
vealed X-ray sources, including those associated to young stars, 
are new. 

We derived X-ray parameters of the twelve young stars with 
enough counts for a spectral fitting, using multi-temperature 
models with absorption. In particular, we determined the col- 
umn density, temperature of the thermal components, and metal- 
licities. We observed no relation among the stars showing in- 
frared excess and the column density measured here. Although 
we could not perform a detailed study of the X-ray variability 
because of the high variable background affecting the observa- 
tion, two clear flaring events in the M-type young stars NX 17 
(Mayrit 1298302) and NX 27 (Mayrit 797272) were studied. In 
both cases, we determined high coronal temperatures, reaching 
38 and 50 MK, respectively. We also determined upper limits for 
the X-ray flux of young stars and brown dwarfs in the field that 
were not detected by the searching algorithm used by us. 

Deep X-ray observations, combined with photometric data, 
have historically revealed as a powerful tool for disclosing the 
stellar population of star-forming regions down to the substellar 
boundary. In particular, in cr Orionis we were able to detect X- 
ray emission of mid-M type stars. Our work complements pre- 
vious investigations on the X-ray population of this cluster. Our 
study also advances in the knowledge of the X-ray properties of 
young stars in the external region of the cluster, where the stellar 
density drops. Deeper X-ray observations in this region should 
permit to detect also the X-ray counterparts of brown dwarfs (as 
it was done in the cluster centre). The combination of their X-ray 
properties with the results of near- and mid-infrared photometry 
(to reveal the presence of discs) will permit to unveil the origin 
of the X-ray emission of these objects (whether it is produced 
by accretion or by a hot corona, as in pre-main sequence stars). 
This work should be followed by the study of the frequency of 
brown dwarfs with and without disc showing X-ray emission. 
A detailed study on the X-ray luminosity function of cr Orionis, 
compared with other young stellar clusters, will be addressed in 
a forthcoming paper by the authors. 
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Table A.l. Detected X-ray sources in the combined images of the EPIC cameras. 
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+ 10 

It U. lU 


-1 00 
— 1 .uu 


+ 


0.10 


22 


05 37 41.58 


-02 29 10.8 


43 


5.0 ±0.8 




1.3 ±0.3 


-0.88 


+ 0.14 


-1.00 


+ 


0.14 


23 


05 37 41.84 


-02 29 39.8 


79 


9.2 ± 1.0 


2.9 ± 0.4 


2.7 ± 0.4 


-0.42 


+ 0.1 1 


-0.62 


+ 


0.11 


24 


05 37 42.71 


-02 25 13.5 


23 


19.8 ± 3.8 


2.5 ± 0.5 


3.1 ±0.5 


-0.79 


+ 0.21 


+0.37 


+ 


0.21 


25 


05 37 43.38 


-02 27 53.6 


21 






2.2 ± 0.4 


+0.07 


+ 0.19 


-0.40 


+ 


0.19 


26 


05 37 47.56 


-02 29 10.2 


394 


24.4 ± 1.3 


9.1 ±0.6 


9.3 ±0.6 


-0.27 


+ OS 

It U.UJ 


4S 


+ 


0.05 


27 


05 37 51.45 


-02 35 26.2 


6907 


136.8 ± 2.5 


39.2 ± 1.4 


40.6 ± 1.1 


-0.82 


+ 0.01 


-0.58 


+ 


0.01 


28 


05 37 52.83 


-02 33 34.9 


2643 


322.5 ± 8.2 


98.0 ± 1.7 




-0 85 


+ 09 
+ u.uz. 


-0 61 

U.Ul 


+ 


0.02 


29 


05 37 53.27 


-02 26 54.7 


21 


13.0 ± 2.5 


2.6 + 0.6 




-0 70 
u. / u 


+ 90 


+0 96 


+ 


0.20 


30 


05 37 54.25 


-02 39 30.8 


32606 


547.1 ±5.3 


153.8 + 2.4 


157.6 ± 2.5 


-0.85 


±0.01 


-0.70 


± 


0.01 


31 


05 37 55.74 


-02 33 43.0 


17 




4.1 ± 0.8 




-0.90 


± 0.16 


-1.00 


+ 


0.16 


32 


05 37 56.20 


-02 45 13.8 


26045 


883.0 ± 8.9 




282.3 ± 4.3 


-0.60 


± 0.01 


-0.40 


+ 


0.01 


33 


05 37 58.07 


-02 25 14.0 


34 


8.8 ± 1.4 


3.2 ±0.6 


4.0 ± 0.6 


-0.42 


±0.15 


-0.42 


+ 


0.15 




OS ■^s ni 


09 9^ ^Zl 9 


yJ 


19 1 -A- ^ A 


zL A -t- n A 


A 1 -t- n A 


-0.84 


±0.10 


-1.00 


+ 


1 
U. iU 


35 


05 38 03.68 


-02 27 30.0 


16 


4.8 ± 1.0 






-0.65 


± 0.22 


-1.00 


+ 


0.22 


36 


05 38 06.57 


-02 30 23.9 


24 


5.3 ± 1.0 


2.3 ± 0.5 




-0.82 


±0.18 


-0.85 


+ 


0.18 


37 


05 38 07.65 


-02 31 32.3 


8021 


205.0 + 3.7 


62.9 + 1.9 


57.9 + 1.5 


-0.89 


±0.01 


-0.80 


+ 


0.01 


38 


05 38 08.06 


-02 35 57.3 


749 


38.7 ± 1.8 


11.4 + 0.8 


10.6 ± 0.8 


-0.85 


±0.04 


-0.52 


+ 


0.04 


39 


05 38 13.60 


-02 35 09.7 


143 


16.3 ± 1.5 


5.7 ± 0.7 


4.8 ± 0.7 


-0.67 


±0.08 


-0.81 


± 


0.08 


40 


05 38 14.02 


-02 36 48.3 


15 




2.8 ±0.6 


4.6 ± 0.7 


-0.06 


± 0.22 


-0.34 


+ 


0.22 


41 


05 38 15.42 


-02 42 11.7 


30 


12.4 ± 2.1 


5.4 ± 1.0 




-0.47 


±0.16 


-0.48 


+ 


0.16 
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Table A.2. USNO-B1/DENIS/2MASS counterparts of the X-ray sources in Table [Q 



NX 


a 

(J2000) 


6 

(J2000) 




[mag] 


i 

[mag] 


J ±5J 
[mag] 


H±6H 
[mag] 


K, ± SK, 
[mag] 


Alternative 
name 


1 




















> 1 8 


> 1 7 1 

1 / • 1 


> 1 6 4 


>14 ^ 
IH. J 




2 


















>21 


>18.0 


>17.1 


>16.4 


>14 ^ 
IH. J) 




J 


05 


36 


56, 


.29 


-02 


42 


07, 


A 




1 8 f, 
1 o.u 


>17 1 

1 / ■ 1 


> 1 6 4 


>14 ^ 


TTSNO R1 0879 010S749 

U kji'l W — D 1 .U UO / Z — UlUJ / HZ 


4 


05 


37 


10 


.47 


-02 


30 


07, 


2 


19 9^+n 1(S 


11.31 


10 79+0 OS 

iU. /Z^U.UJ 


1 46+0 OS 
iU.HUinu.uj 


1 ^0+0 04 

1 U. JU+U.UH 


TYr 4770 1961 1 

1 1 H / / U — 1 ZU 1 — 1 




05 


37 


11, 


.61 


-02 


32 


08, 



.0 


1 J.U 


1 1 ft'\ 

1 1 .U J 


1 88+0 09 

lU.OO + U.UZ 


1 9Q+0 09 

1U.Z,7I1IU.U.Z 


1 07+0 09 
lu.u / mu.uz 


DriNTT 490 AR 

WlllN 1 1 HZ7 r\D 


u 


05 


37 


13, 


.92 


-02 


43 


51, 


7 


16.2 


14.32 


1 ^ SO+0 0^ 


19 81+0 0^ 

i Z.. O 1 + U.U J 


1 7 74+0 0^ 

IZ. /H+U-UJ 


9MASS T0S171 109 0941S17 

ZiVl/\OiJ JUJJ / 1J7Z — UZHJJl / 


7 
1 


05 


37 


15, 


.37 


-02 


30 


53, 


A 
■ H- 




19 18 

IZ. i 


1 1 ^6+0 09 


1101 +0 09 

i 1 .Ul ItlU.UZ 


1 88+0 09 

lU.OO + U.UZ 


cn9 1 1 104 

O WZ 1 1 J7H 




o 


















>21 


> 1 8 
i o.u 


>17.1 


>16.4 


>14 ^ 
IH. J 




q 


05 


37 


21, 


.07 


-02 


37 


19, 


.1. 


1 S 


M 9"^ 


1 T 97+0 0^ 


1 9 76+0 0^ 


1 9 60+0 0^ 

IZ.UUIEU.UJ 


9MAS<s T0S179107 0917109 

ZiVlrtoo JUJ J / Z lU / — UZJ / 1 7Z 


1 n 


05 


37 


23, 


.05 


-02 


22 


43, 


\ 


1VJ.7 


16 98 

1U.Z.O 


1 S 46+0 06 

1 J .T-U+U.UU 


1 S 07+0 10 
u.u / mu. iU 


14 88+0 14 

IH.OO + U. IH 


9MASS T0S179104-0999411 

ZiVl/\00 JUJJ/ZJUH — \JZ,Z,jL,^J 1 


1 1 

1 i 


05 


37 


22, 


.78 


-02 


32 


42, 


Q 

.y 


lU.U 


1 S 9fi 


14 ^6+0 04 


1 ^ 84+0 04 

1 J.OH■IlIU.UH■ 


1 ^ 89+0 06 

1 J.OZItU.UO 


9MA'\'\ T0S179977 0919490 

ZiVlrtoO JUJJ /ZZ/ / — VJjLJjL'^jLy 




05 


37 


23, 


.06 


-02 


32 


46, 




1 7.U 


1 S 78 


14 1 8+0 04 

iT". i O+U.Ut- 


l ^ SO+0 04 

1 -J. J7I!IU.U^■ 


1 ^ 41 +0 OS 


9MASS T0S179106 091946S 

ZiVl/\00 JUJJ / Z JUU — UZJZHUJ 


12 


05 


37 


24, 


.11 


-02 


41 


59, 


q 

.y 


1 8 


18.41 


>17.1 


>16.4 


> 14 ^ 
<S IH. J 


DFNTS T0S17941 1 0941 SOO 

LJl-jl^ lO J U J J / ZH 1 1 — UZH 1 J 77 




05 


37 


27, 


.94 


-02 


40 


03, 


2 


1 'S 8 


16 IQ 

lU. 1 7 


14 89+0 08 

IH. OZ+U.UO 


1 4 00+0 07 

iH.U7 + U.U / 


14 41+0 07 

IH.HJ + U.U / 


2E 1448 




05 


37 


28, 


.07 


-02 


36 


06, 


f. 
.u 


1 8 S 

1 O.J 


1 S 97 


1 ^ 74+0 0^ 


1 ^ 08+0 0^ 

iJ.UO + U.UJ 


1 9 80+0 O'^ 

IZ.OU+U.UJ 


9MA'\S T0S179806 091606S 

ZiVlrtoO JUJJ/ZOUU — UZJUUUJ 




















>21 


>1 8 
1 o.u 


>17.1 


>16.4 


>14 1 
<r iH. J 






05 


37 


28, 


.32 


-02 


24 


18. 


7 


1 8 ft 
i o.u 


1 S 61 

1 J.Ul 


14 00+0 0^ 
iH.uumu.UJ 


1 T •?0+0 0^ 

1 J. J7I1IU.UJ 


1 1 08+0 01 
1 jj.uomu.uj 


9MAS'; T0S179811 0994189 

ZiVlrtvJvJ JUJJ/ZOJl — yJjLZ.^ LO.^ 


17 


05 


37 


31, 


.54 


-02 


24 


27, 


n 






19 11+0 0^ 

1^.11 +U.U J 


1 1 ^6+0 09 


1 1 17+0 09 

11.1/ +U.UZ 


rSWW90041 1 17 

|_0 VV VV ZUUHJ 1 J / 


i o 


05 


37 


31, 


.68 


-02 


25 


10, 


.u 


1 Q 7 

17./ 


1 8 8 
1 o.o 


>17 1 

1 / ■ 1 


> 1 6 4 


>14 1 


TTSNO R1 087S 0109S88 

U kji'l W — D 1 .U UO / J — U 1 UZ J OO 


1 


05 


37 


32, 


.97 


-02 


37 


44, 


2 


20.7 


>18.0 


>17.1 


>16.4 


>14 1 
IH. J) 


TISNO R1 0871 010SS17 

U kji 'I w — O 1 .U UO / J — U 1 U J J J / 




05 


37 


36, 


.67 


-02 


34 


00, 


.J 


17 S 
1 / . J 


IH. JU 


1 T 00+0 0^ 

1 J.UU+U.UJ 


1 9 ^0+0 09 

IZ. JU+U.UZ. 


1 9 OS+0 09 

IZ.UJICU.UZ 


r'\WW90041 141 

Low VV ZUUHJ IHl 


21 


05 


37 


37, 


.84 


-02 


45 


44, 


2 


17 S 
1 / . J 


14.17 


19 60+0 0^ 

1 Z.U7+U.U J 


1 1 04+0 09 

1 i .7t^+U.UZ. 


1 1 79+0 01 

11./ Z+U.UJ 


9MASS T0S171784-094S449 

ZiVl/\00 JUJ J 1 J 1 OH — \JZ,^^^^^ 


79 


05 


37 


41, 


.79 


-02 


29 


08, 


1 




1 ^0 

lU. J7 


q 80+0 0^ 

7.0UI!=U.U.;> 


60+0 0^ 

7.UUI!IU.UJ 


q SO+0 01 

7. JU+U.UJ 


TYC All 1 69 1 1 

1 1 \^ H / / 1 — UZ 1 — 1 




05 


37 


41, 


.61 


-02 


29 


38, 




■ \J 


16 S 

lU. J 


14. 8'S 


1 Q 70+0 0^ 

1 J. /U+U.UJ 


1 ^ 1 1 +0 09 

U . i 1 +U.UZ. 


17 q4+o 01 
iz.7Hinu.uj 


9MASS T0S1741 60-0990180 

ZiVl/\00 JUJJ/HIUU UZZ7JOU 


94 


05 


37 


43, 


.10 


-02 


25 


13, 


1 

. i 


1 S 1 
1 J. i 


1 ^ 46 


1 9 S4+0 0^ 

IZ. JH-ItU.U.^ 


1 9 0^+0 09 

1Z.U.3I!IU.UZ. 


1 1 q7+0 01 

11.7/ ItU.UJ 


9MA'\'\ T0S174110— 099S1 11 

ZiVlrtoo JUJJ/HJIU — UZZJIJI 


9S 


















>21 


>18 

SC 1 o.u 


>17.1 


>16.4 


>14 1 

<3 IH. J 




96 


















>91 


> 1 8 
c 1 o.u 


>17 1 

^ 1 / • 1 


>1 6 4 


>14 1 

iC IH. J 




27 


05 


37 


51, 


.61 


-02 


35 


25, 


7 


16 


1 ^ 4"^ 


1 1 80+0 0^ 

1 i .07+U.UJ 


1 1 1 7+0 09 


10 08+0 09 

1 U. 70+U.UZ 


rSWW90041 19S 

[_0 VV VV ZUUHJ IZJ 


98 


05 


37 


53, 


.03 


-02 


33 


34, 


4 


12.4 


10 80 

lU.OU 


q qq+o 0^ 

7.77I!IU.UJ 


60+0 09 

7.UUI!IU.UZ 


q 47+0 09 

7.H / +U.UZ 


2E 1454 


9Q 


















>21 


>18.0 


>17.1 


>16.4 


>14 1 

IH. J 






05 


37 


54, 


.40 


-02 


39 


29, 


s 
.o 


19 09+0 19 


10.27 


q 96+0 09 

7.il.UI!IU.UZ. 


8 79+0 OS 

O. / Z.I!IU.UJ 


8 61 +0 09 
o.ui inu.uz 


2E 1455 




















>21 


>18 
1 o.u 


>17.1 


>16.4 


>14 1 

<^ IH. J 




^9 


05 


37 


56, 


.31 


-02 


45 


13, 


\ 


lU.T- 


16 7^ 


1 ^ 40+0 07 


14 S9+0 08 
iH.jz.inu.uo 


1 1 79+0 07 

1 J. / ZICU.U / 


2E 1456 




05 


37 


58, 


.36 


-02 


25 


13, 


1 

. i 


1 Q 7 

17./ 


> 1 8 
c 1 o.u 


>17 1 
<^ 1 / ■ 1 


> 1 6 4 


>14 1 

IH. J 


TTSNO R1 087S 0109889 

U oi'l W — D 1 .U UO / J — UlUZOOZ 


34 


05 


38 


01, 


.67 


-02 


25 


52, 


.7 


17.5 


14.65 


13.03±0.03 


12.32±0.02 


12.07±0.03 


[SE2004] 53 


35 


















>21 


>18.0 


>17.1 


>16.4 


>14.3 




36 


05 


38 


06 


.74 


-02 


30 


22, 


.8 


15.8 


13.23 


11.76+0.03 


10.92±0.02 


10.54±0.02 


Kiso A-0904 67 


37 


05 


38 


07, 


.85 


-02 


31 


31, 


.4 


13.3 


11.63 


10.57±0.03 


9.93±0.02 


9.77±0.02 


2E 1459 


38 


05 


38 


08, 


.27 


-02 


35 


56, 


.3 


16.3 


13.97 


12.14±0.03 


11.38±0.02 


11.047±0.019 


Kiso A-0976 316 


39 


















>21 


>18.0 


>17.1 


>16.4 


>14.3 




40 


















>21 


>18.0 


>17.1 


>16.4 


>14.3 




41 


05 


38 


15 


.53 


-02 


42 


05, 


.1 


18.0 


17.25 


16.33±0.09 


15.61±0.09 


15.5: 


2MASS J05381552-0242051 



J. Lopez-Santiago and J. A. Caballero: New deep XMM-Newton observations to the west of the cr Orionis cluster 
Table A.3. Upper limits (3o") for undetected <t Orionis cluster members and candidates in the XMM-Newton field. 
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Mayrit 


Alternative 


a 


e 


Youtli 




Remarks 




name 


(J2000) 


(J2000) 


features 


[10-" erg cm-2 s"' 




1773275 


ISWW2004] 13 


05 36 46.91 


-02 33 28.3 


Li I, low g 




In PN gap 


1599271 


S Ori 33 


05 36 58.08 


-02 35 19.4 




<0.29 




1630286 


[SWW2004] 90 


05 37 00.30 


-02 28 26.6 




<0.33 




1738301 




05 37 05.17 


-02 21 09.4 






In MOS border. Out of PN field 


1416280 


[SWW2004] 22 


05 37 11.68 


-02 31 56.7 






Blended with NX 5 


1391255 


SOriJ053715.1-024202 


05 37 15.16 


-02 42 01.6 


Li I, Ha 


<0.27 




1225282 


S Ori 66 


05 37 24.70 


-02 31 52.0 


Hff, II? 


<0.26 




1185274 


S Ori 55 


05 37 25.90 


-02 34 32.0 


Ha, II? 


<0.22 




1329304 


Haro 5-5 


05 37 30.95 


-02 23 42.8 


Ha, II 


<0.29 


Marginally detected 


1227243 


HD 294275 


05 37 31.87 


-02 45 18.5 


OB 




In PN gap 


1 176297 


[HHM2007] 107 


05 37 35.14 


-02 26 57.7 




<0.23 




1116300 


HD 37333 


05 37 40.48 


-02 26 36.8 


OB, Si n 


<0.19 




968292 


GSC 04771-00962 


05 37 44.92 


-02 29 57.3 




<0.22 




958292 


SO210868 


05 37 45.57 


-02 29 58.5 


Li I 




In PN gap 


999306 


S Ori 23 


05 37 51.11 


-02 26 07.5 




<0.25 




790270 


[KJN2005] 62 


05 37 52.07 


-02 36 04.7 


Li I, low g 


<0.26 


Marginally detected 


882239 




05 37 54.45 


-02 43 37.8 




<0.33 




809248 


[SWW2004] 174 


05 37 54.86 


-02 41 09.2 


Li I, low g 


<0.37 


Marginally detected 


757283 


SOri 35 


05 37 55.60 


-02 33 05.3 


11 


<0.23 




728257 


SOri 12 


05 37 57.46 


-02 38 44.4 


Li I, Ha, low g, II 


<0.26 




767245 


[OJV2004] 28 


05 37 58.40 


-02 41 26.2 


Li I, low g 


<0.28 




861230 


[SWW2004] 140 


05 38 00.56 


-02 45 09.7 






[FPS2006] 4. Close to PN border and to NX 32 


884312 


[WB2004] 13 


05 38 00.97 


-02 26 07.9 


trans, disc. Ha? 


<0.27 




873229 


Haro 5-7 


05 38 01.07 


-02 45 38.0 


Ha, II 


<0.41 




588270 


SOri 1053805.5-023557 


05 38 05.52 


-02 35 57.1 


11 


<0.20 




717307 


IW96J 4771-0950 


05 38 06.50 


-02 28 49.4 


Li I 




IFPS2006I 6. InPNgap 


520267 


S Ori 70 


05 38 10.10 


-02 36 26.0 




<0.34 




757321 


1SWW2004] 233 


05 38 13.20 


-02 26 08.8 


Li I, Ha, 11 




[FPS2006] 1 1. In PN border 


447254 


SOri 1053816.0-023805 


05 38 16.10 


-02 38 04.9 


Li I, low g 


<0.29 




488237 


SOri 27 


05 38 17.42 


-02 40 24.3 


Li I, Ha, low g 


<0.27 




498234 


SOriJ053817.8-024050 


05 38 17.78 


-02 40 50.1 


n 




[FPS2006] 17. In PN border. Marginally detected in M0S2 


396273 


SOriJ053818.2-023539 


05 38 18.35 


-02 35 38.6 


low g 


<0.29 


[FPS2006] 19 


387252 


S Ori J053820. 1-023802 


05 38 20.21 


-02 38 01.6 


Li I, Ha, II 


<0.34 


[FPS2006] 20. Close to PN border. Marginally detected 


380287 


[W96] r053820-0234 


05 38 20.50 


-02 34 09.0 


Li I, Ha 






379292 


S Ori 1053821.3-023336 


05 38 21.38 


-02 33 36.3 


Li I, low g 






329261 


[SWW2004] 207 


05 38 23.08 


-02 36 49.4 


low g, 11 






399314 


SOri 18 


05 38 25.68 


-02 31 21.7 


Li I, low g 




In MOS gap. Out of PN field 


265282 


KisoA-0976 329 


05 38 27.51 


-02 35 04.2 


Li I, Ha, II 




[FPS2006] 33. In MOS border. Out of PN field 



" For each star/brown dwarf, the flux upper limit was calculated from its count-rate using a Raymond Smith model with T = 1 keV and 
A^H = 0.27 X 10^' cm"^. To determine the count-rate, we used a 15 arcsec extraction radius in the position of the Mayrit source. 
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Fig.A.l. False colour image combining 2MASS Ks (red), photographic Rf DSS2 Red (green), and our XMM-Newton 
EPIC+MOS 1 +MOS2 (blue) data. The field of view of XMM-Newton (approximate 30 x 30 arcmin^) is clearly discernible. North is 
up and east is left. 
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Mayrit 1415279AB (NX 5) ^ 




Moyrit 1374283 (NX 7) 




Energy [keV] 



Energy [keV] 




Moyrit 1298302 (NX 17) 




Energy [keV] 




Moyrit 1 160240 (NX 21) 



Energy [keV] 



Energy [keV] 



Fig. A.2. Spectral energy distributions of six young stars and candidates in the cr Orionis cluster. Each name is labelled. The spectra 
were binned so that each bin contains a minimum of 10 counts. Different line styles correspond to the PN [black], MOSl [red], and 
MOS2 [green] cameras and their corresponding spectral fittings (see Table|3]l. The bottom part of each panel illustrates the quality 
of the fitting. 
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Mayrit 797272 (NX 27) ^ 




Moyrit 789281 (NX 28) 




Energy [keV] 



Ersrgy [keV] 




Energy [keV] 



Mayrit 615296 (NX 37) ^ 





Energy [keV] 



Energy [keV] 



Fig. A.3. Same as Fig. lA.2l but for the remaining six young stars and candidates in the cr Orionis cluster. The panel corresponding 
to NX 27 (top left) is for the 3T fitting (see Table|3]l. 



2E 1448 (NX 13) 




2E 1456 (NX 32) 
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Fig.A.4. Same as Fig. IA.2I but for two AGNs in the field: NX 13 and NX 32. The fittings were made using a power-law with 
parameters A^h = 2.05 x 10^' cm"^, photon power-law index F = 2.43 for NX 13; and A^h - 1.33 x 10^' cm"^, photon power law 
index r= 1.82 for NX 32. 



J. Lopez-Santiago and J. A. Caballero: New deep XMM-Newton observations to the west of tlie cr Orionis cluster 
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